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and H. B. Dexter 
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ABSTRACT 
I n  the investigation of the salt s t ress  corrosion of Ti-8Al-LMo-lV a l loy  
sheet, many small self-s t ressed and residual s t r e s s  specimens were salt coated, 
exposed up t o  6400 hours a t  400' F t o  600° F (4770 K t o  5890 K ) ,  and tes ted  a t  
room temperature t o  determine the extent of t he  s t r e s s  corrosion cracking. 
Coatings of NaClwere more corrosive than CaC12, MgC12, o r  sea s a l t ,  and th in  
coatings were more damaging than thick.  Ehvironmental t e s t s  showed that a 
decrease i n  oxygen and air. pressure reduced s t r e s s  corrosion, but t h a t  the ro l e  
of moisture and air  veloci ty  s t i l l  remained i n  doubt. 
f o r  s a l t  stress corrosion a f t e r  5000 hours w a s  s l i gh t ly  above 400' F f o r  a 
s t r e s s  of 50 k s i  ( 9 5  MN/$). 
l e s s  corrosion than t h a t  f o r  Gteady temperature conditions. Stress  corrosion 
cracks were intergranular,  and a correlation was obtained between the r e su l t s  
of the room-temperature corrosion t e s t s  and the  crack penetration. 
appeared t o  be one of the  corrosion products. Surface treatments such as shot 
peening, nickel  plat ing,  vibratory cleaning, and polyimide coatings proved 
effect ive i n  preventing corrosion f o r  exposures up t o  2000 hours a t  600° F. 
The temperature threshold 
Short thermal cycles of 2 o r  4 hours produced 
Tic12 
INTRODUCTION 
Of the  various candidate s t ruc tu ra l  materials f o r  a Mach 3 supersonic 
t ransport ,  Ti-8Al-lMo-lV al loy sheet i n  the duplex anneal condition has been 
favored because of s t ruc tu ra l  efficiency considerations involving strength,  
s t i f fnes s ,  f rac ture ,  and fa t igue  (see, for example, re fs .  1 and 2). 
s iderat ions,  however, such as  possible metallurgical i n s t a b i l i t y  a f t e r  prolonged 
elevated-temperature exposure and the suscept ibi l i ty  of t h i s  a l loy t o  s a l t  
s t r e s s  corrosion at  elevated temperature, s t i l l  require investigation ( re f .  3) .  
Because of these drawbacks, par t icu lar ly  the l a t t e r ,  extensive research has been 
undertaken by the  a i r c r a f t  industry, material producers, and research labora- 
t o r i e s  t o  determine the  severi ty  and extent of the  corrosion problem and the 
nature of t he  phenomenon. 
Other con- 
A n  invest igat ion of the  salt s t r e s s  corrosion of titanium al loy and 
s t a in l e s s - s t ee l  sheet materials at  elevated temperatures was begun about 3 years 
ago a t  t h e  NASA Langley Research Center. Results obtained so far include the  
r e l a t i v e  suscep t ib i l i t y  of four titanium alloys ( re f .  4), the  e f fec t  of environ- 
mental f a c t o r s  on Ti-8Al-lMo-lV (ref. >), the  suscept ib i l i ty  of six s ta in less  
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s t e e l s  a t  both ambient and elevated temperatures ( r e f .  6 ) ,  and the  sa l t  s t r e s s  
corrosion of Ti-8Al-lMo-lV brake-formed sheet ( r e f .  7). This paper w i l l  
review some of t he  work previously reported i n  the  invest igat ion of 
Ti-8Al-lMo-lV al loy sheet as well  as current r e su l t s  being obtained from 
exposures up to .  6400 hours a t  400' F t o  600° F ( 4 7 F  K t o  589O K ) .  
The uni t s  used f o r  the  physical quant i t ies  defined i n  t h i s  paper are 
given both i n  U.S. Customary Units and i n  the  Internat ional  System of Units 
( S I )  ( re f .  8) .  Appendix A presents fac tors  r e l a t ing  these two systems of un i t s .  
EXPERIMENTAL PROCEDURES 
Material 
In  the f i rs t  phase of the  invest igat ion ( r e f .  4 ) ,  t he  Ti-8Al-lMo-lV a l loy  
sheet (0.040 in.  (0.102 cm) th ick)  was i n  t h e  s ing le  o r  m i l l  annealed condi- 
t ion ;  t h i s  consisted of an 8-hour anneal a t  1450' F (1061' K )  with a furnace 
cool t o  room temperature. I n  the  l a t t e r  phases of the  invest igat ion ( re fs .  5 
and 7 ) ,  the Ti-8Al-lMo-lV a l loy  sheet (0.050 in .  (0.127 cm) th ick)  w a s  i n  t he  
duplex anneal condition; t h i s  consisted of an 8-hour anneal a t  1450' F with a 
furnace cool t o  room temperature which w a s  followed by 15 minutes a t  1450' F 
with subsequent a i r  cooling. 
Specimens 
The self-s t ressed specimen and the res idua l  s t r e s s  specimens a r e  shown i n  
Detai ls  of the  fabr ica t ion  and cleaning processes a re  given i n  ref-  f igure 1. 
erences 4 and 7, respectively. 
The fabricat ion process f o r  the  se l f - s t r e s sed  specimen i n  the  duplex 
anneal condition d i f fe red  from t h a t  f o r  t he  m i l l  anneal material ,  as the  former 
w a s  deburred by a vibratory cleaning process whereas the  l a t t e r  w a s  deburred by 
hand f i l i ng .  
e f fec t ive  i n  preventing s t r e s s  corrosion (see last  sect ion of paper),  it w a s  
necessary t o  eliminate t h i s  e f f ec t  i n  order t o  study the  stress corrosion char- 
ac t e r i s t i c s .  Etching 1/2 m i l  (0.013 m) from each surface proved su f f i c i en t  
f o r  t h i s  purpose. 
A s  the  vibratory cleaning treatment w a s  subsequently found t o  be 
The construction of t he  se l f - s t ressed  specimen ( f ig .  l ( a ) )  involves 
machining 1/4- by 4-in. (0.63 by 10.16 cm) s t r i p s ,  bending up the  ends of each 
s t r i p  t o  some predetermined bend angle, and clamping and spotwelding t h e  ends 
together so as t o  induce a uniform curvature i n  t h e  specimen. 
corresponding t o  t h i s  curvature a r e  determined from geometrical and stress- 
s t r a i n  relationships using t h e  measured value of t he  distance d between the  
s t r i p s  ( re f .  9) .  
s t r i p  which increases d. The se l f - s t ressed  specimens were designed f o r  
s t r e s ses  of 13, 2.5, 50, and 100 k s i  (104, 172, 345, and 690 MN/m2, respec- 
t i v e l y ) .  The nominal thickness t w a s  e i t h e r  0.040 o r  0.050 in .  (0.102 or 
0.127 cm). 
Bending s t r e s ses  
Stresses  a r e  increased by increasing t h e  bend angle of t h e  
2 
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The residual  s t r e s s  specimens ( f ig .  l ( b ) )  were brake formed from O.05O-in. 
(0.127 cm) t h i c k  sheet. The top specimen, representative of a t yp ica l  s t i f f -  
ener section with a right-angle bend ( r e f .  7) ,  was formed a t  approximately 
200° F ( 3 6 6 O  K )  t o  a 1/8-in. (0.32 cm) radius. The bottom specimen was brake 
1 1  1 1 , 2-, 1-, 1--, and 2-- in .  r ad i i  2 2 formed a t  room temperature over dies with -- 
(0.63, 1.27, 2.54, 3.81, and 6.35 cm, respectively) t o  an i n i t i a l  bend angle 
of goo or the  maximum angle (less than 900) obtainable. 
varied with the  amount of springback which is a function of t h e  radius; the  
specimen length was kept constant. The residual t e n s i l e  s t r e s s  i s  a maximum 
on the  inside of the bend i n  the formed specimens. The calculated residual  
t e n s i l e  s t resses  varied from about 70 ks i  (483 MN/m2) f o r  a 1/8-in. radius t o  
25 ks i  (172 M N / s )  f o r  a 2-- in .  radius. 
The f i n a l  bend angle 
1 
2 
S a l t  Coating and Temperature Exposure 
The s a l t s  included i n  the investigation were NaC1, CaC12, MgC12, 7 par t s  
NaCl - 1 par t  MgC12, and sea water from the  mouth of the Chesapeake Bay.  
S a l t  coating techniques were varied during the investigation t o  include 
thick a s  wel l  as t h in  coatings. 
specimen in to  a boiling, supersaturated s a l t  solution and drying it i n  an oven 
a t  250° F ( 3 9 4 O  K) .  
of about 0.005 in .  (0.0123 cm) was obtained. To provide th in  coatings, speci- 
mens were dipped i n  a 3.4 percent salt  solution a t  ambient temperature and then 
dried i n  an oven. 
placed on the  tension surface and allowed t o  dry. 
The th ick  coating was applied by dipping the 
T h i s  procedure w a s  repeated u n t i l  the  desired thickness 
I n  another method, a small drop of the s a l t  solution was 
The salt-coated specimens, a s  well as  uncoated specimens, were exposed i n  
ovens at  400° F t o  6000 F (4770 K t o  5890 K ) .  
were the  a i r -c i rcu la t ing  type. Specimens were removed from the  ovens a f t e r  
selected exposures f o r  t e s t i n g  a t  room temperature. 
specimens w a s  thermally cycled between room temperature and 550' F (561' K)  
with cycles from 2 t o  16 hours. 
from specimen inser t ion  t o  specimen removal from the  hot oven. 
With one exception, a l l  ovens 
One s e t  of res idual  s t r e s s  
The cycle time i s  taken as  the elapsed time 
Mechanical Tests 
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The amount of the salt s t r e s s  corrosion cracking which occurred during 
the  elevated-temperature ex-posure was determined from compression and bend 
t e s t s  a t  room temperature of the self-s t ressed and residual  s t r e s s  specimens, 
respectively.  The behavior of the  uncoated specimens during t e s t ing  i s  i l l u s -  
t r a t e d  i n  f igure  2. The uncoated specimens exhibit considerable shortening and 
bend def lect ion ( f igs .  2 ( a )  and 2(b) ,  respectively).  Shortening i s  defined as  
t h e  decrease i n  length of the  self-s t ressed specimen and bend deflection as  the 
def lect ion of the residual  s t r e s s  specimen i n  the loading direction. 
s 
The schematic ( f ig .  3 )  i l l u s t r a t e s  t he  type of data obtained i n  t h e  room- 
temperature compression t e s t  of self-s t ressed specimens and the  e f f ec t  of s t r e s s  
corrosion cracking on the  shortening. 
mum shortening 6o possible with or without f ractur ing (see dashed l i n e ) .  If 
stress corrosion cracking occurs i n  the  salt  coated specimens (see s o l i d  l i n e s ) ,  
the specimen w i l l  f r ac tu re  and the  shortening 6 i s  reduced - the  longer t h e  
exposure and the  more the cracking, t he  l e s s  the shortening. The shortening 6, 
of the uncoated specimen i s  unaffected by the exposure i f  t he  material  i s  
s tab le .  If the  material  i s  not s tab le ,  the shortening of t he  uncoated specimen 
may be affected. The r a t i o  6p0 of t h e  shortening of the salt-coated speci- 
men t o  tha t  f o r  t he  uncoated or control specimen which has been exposed fo r  the 
same time i s  a measure of t he  s t r e s s  corrosion damage. I n  t h i s  paper, t he  
e f f ec t s  of the s t r e s s  corrosion a r e  shown i n  terms of the r e l a t i v e  shortening 
or r e l a t ive  deflection f o r  the se l f - s t ressed  and residual  s t r e s s  specimens, 
r e  spec t i ve l y  . 
The uncoated specimen develops the  maxi- 
Metallurgical Examination 
Metallurgical examinations were made t o  determine the number and charac- 
t e r i s t i c s  of the stress corrosion cracks. Samples were edge mounted, polished, 
and etched with a solution of 97 percent H20, 2 percent "03 ,  and 1 percent HF, 
by volume. Crack penetration was measured with a f i l a r  micrometer eyepiece i n  
a bench microscope i n  order t o  cor re la te  s t r e s s  corrosion cracking with the 
mechanical tests.  
Ident i f ica t ion  of Corrosion Products 
An attempt was made t o  ident i fy  t h e  corrosion products by X-ray diffrac-  
t ion.  I n  order t o  obtain a su f f i c i en t  amount of corrosion products f o r  t h i s  
study, a salt-coated coupon of Ti-8Al-lMo-lV a l loy  sheet ( s ing le  anneal) w a s  
exposed a t  1000° F ( 8 1 1 O  K )  f o r  100 hours. 
placed immediately i n  the X-ray diffractometer and scanned a t  2' per minute. 
Copper K a  radiat ion w a s  used ( r e f .  5 ) .  
After  exposure, t he  coupon w a s  
ENVIRONMENTAL FACTORS 
One phase of the invest igat ion w a s  concerned with t h e  e f f e c t s  of various 
environmental f ac to r s  such as the  type of sa l t ,  coating thickness and type of 
s t r e s s ,  and oxygen, a i r  pressure, moisture, and surface conditions. Some 
r e s u l t s  of these experiments follow. 
Effects of Various Chlorides 
The r e l a t ive  effect  of N a C 1 ,  CaC12, 143~12, sea sa l t ,  and 7 p a r t s  
N a C l  - 1 part  MgC12 (by weight) on the  salt  stress corrosion of Ti-8A1-1Mo-lV 
a l loy sheet (duplex anneal) a t  6000 F (5890 K) i s  shown i n  f igure  4. 
4 
Of t he  
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various hinds of s a l t ,  NaCl consistently proved more corrosive than 7 pa r t s  
NaCl - 1 par t  MgC12, o r  sea s a l t .  
l e s s  corrosion than with sea salt,  while MgC12 caused even l e s s  stress 
corrosion. 
A f e w  t e s t s  using CaC12 ( f ig .  4 (b) )  produced 
I n  order t o  determine whether the  salt a i r  environment a t  Langley might 
be suf f ic ien t  t o  cause s a l t  s t r e s s  corrosion a t  elevated temperatures, a few 
self-s t ressed specimens (100 ks i ,  690 MN/d) i n  the  mill anneal condition, 
which had been l e f t  outdoors f o r  18,000 hours, were subsequently exposed f o r  
2600 hours a t  550° F (561' K ) .  The room-teqerature compression t e s t s  indi-  
cated that an appreciable amount of s t r e s s  corrosion had occurred i n  some of 
t he  specimens. The amount o r  type of  s a l t  pickup i s  unknown; as the  location 
was about 2 miles (3.2 km) from the  water and there  i s  no industry i n  the  area,  
the  corrosion was probably due t o  NaC1. 
Effect of Coating Thickness and Type of S t ress  
The e f f ec t  of "thin" and "thick" s a l t  coatings on the  s t r e s s  corrosion of 
Ti-8Al-lMo-lV al loy sheet (duplex anneal) a t  550° F ( 5 6 1 O  K )  is  shown i n  f ig-  
ure 5 f o r  the  se l f - s t ressed  and residual  s t r e s s  specimens. 
thickness, t he  r e su l t s  obtained with the residual  s t r e s s  specimen (1/8-in. 
(0.32 cm) radius) a re  comparable t o  those for the  self-s t ressed specimen 
(50 ks i ,  345 MN/d). 
sooner than f o r  thick coatings. After longer times, however, the severi ty  of 
the  s t r e s s  corrosion was about the same fo r  both types of coatings. 
quently, a th in  salt coating can cause severe s t r e s s  corrosion damage and the 
manner i n  which the  s t r e s s  i s  induced i s  not  a factor .  A possible explanation 
f o r  the grea te r  severi ty  of the  s t r e s s  corrosion with th in  coatings may be the 
grea te r  ava i l ab i l i t y  of oqgen .  
For a given coating 
Stress  corrosion caused by t h i n  coatings occurred much 
Conse- 
Effect of Oxygen, A i r  Pressure, Moisture, and Surface Conditions 
Various experiments were carr ied out i n  an attempt t o  determine the  e f fec t  
of spec i f ic  environmental fac tors  on s a l t  s t r e s s  corrosion of Ti-8Al-LMo-lV 
al loy sheet (duplex anneal). 
and surface conditions were studied (ref. 5 )  by encapsulating self-s t ressed 
specimens i n  g lass  tubes containing the desired environment, exposing the  tubes 
t o  550' F ( 5 6 1 O  K)  f o r  periods up t o  3000 hours, and then t e s t ing  the specimens 
a t  room temperature i n  the  manner previously described. 
The e f f ec t s  of oxygen, a i r  pressure, moisture, 
Oyygen has been recognized as an important f ac to r  i n  the s t r e s s  corrosion 
of t i tanium al loys (for example, re fs .  10 and 11) and this is  borne out by the 
r e s u l t s  shown i n  f igure 6 ( a ) .  
oxygen show much l e s s  corrosion than those with 100 percent oxygen or  with a i r  
(21 percent oxygen). Some t e s t s  were a l s o  made t o  determine the e f f ec t  of 
moist chlorine by encapsulating some uncoated specimens i n  t h i s  environment and 
exposing them a t  550° F (5610 K) .  Moist  chlorine was found t o  be very damaging 
a s  the  specimens f a i l e d  i n  the glass  tubes within 500 hours, and, consequently, 
could not be tes ted  i n  the usual fashion (ref .  5). 
Tests w i t h  nitrogen containing 0.1 percent 
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The amount of available oxygen decreases a t  high a l t i t u d e s  because of the 
Tests a t  a pressure of 34 t o r r  (4.0 kN/m2) (equiv- reduction i n  a i r  pressure. 
a l en t  t o  70,000-foot (21.3 km) a l t i t u d e )  show much l e s s  corrosion than a t  
atmospheric pressure ( f ig .  6 ( b ) ) .  
380,000-f0ot (116 km) a l t i t u d e )  show s t i l l  l e s s  corrosion. 
s t r e s s  corrosion a t  low pressures i s  consistent with the reduction i n  corrosion 
found f o r  t he  low oxygen environment. 
di t ions do not provide any clue as t o  the  possible e f f e c t  of a i r  flow on s t r e s s  
corrosion. This effect  may be important a t  high a l t i t u d e s  as t h i s  could per- 
haps compensate f o r  the deficiency of oxygen. 
Tests a t  3 x 10-5 t o r r  (4.53 mN/m2) (about 
The decrease i n  
The above experiments under s t a t i c  con- 
Tests with m o i s t  and dry a i r  (dewpoints of 60° F and -40° F (2890 K and 
233' K ) )  produced about the same amount of s t r e s s  corrosion damage ( f ig .  6 ( c ) ) .  
This r e su l t  may have been due t o  the f a c t  t ha t  the specimens were encapsulated 
and only a l i m i t e d  amount of moist a i r  was available. Additional t e s t s  have 
subsequently been made by exposing salt-coated specimens i n  glass  tubes through 
which e i the r  dry o r  moist a i r  w a s  slowly circulated.  
a furnace and were heated so as t o  obtain a specimen temperature of 600° F 
(5890 K ) .  
t o  date indicate somewhat more corrosion damage i n  flowing moist a i r  than i n  
flowing dry air. 
The tubes -extended through 
Results The a i r  flow w a s  maintained a t  about 0.3 cfh (0.0085 m3/hr). 
The e f f e c t  of moisture i s  s t i l l  under investigation. 
Tests t o  determine the e f f ec t  of t h i n  titanium oxide fi lms ( f i g .  6 ( d ) )  
employed specimens with polished, as-received, and anodized surfaces having 
oxide layers from 12 t o  16, 100 t o  200, and 300 t o  600 angstroms thick,  respec- 
t i ve ly .  These t h i n  oxide fi lms had l i t t l e  e f f e c t  on the  r a t e  and amount of 
s t r e s s  corrosion cracking. 
Effect of Cyclic Heating and A i r  Velocity 
An attempt w a s  made t o  determine the  e f f e c t  of cycl ic  heating ( see  r e f .  7) 
on the  salt s t r e s s  corrosion of Ti-8Al-lMo-lV a l loy  sheet (duplex anneal) from 
t e s t s  of salt-dipped residual  s t r e s s  specimens (1/8-in. (0.32 cm) radius) which 
were thermally cycled between room temperature and 550° F (5610 K ) .  
of cycl ic  heating a re  shown i n  figure 7 i n  terms of t h e  accumulated exposure 
t i m e  a t  5500 F. The cycles include 2,  4, 6,  8, and 16 hours a t  temperature. 
Examinations of these r e s u l t s  reveal t h a t  s t r e s s  corrosion cracking i s  less 
severe f o r  short than f o r  long thermal cycles. The r e s u l t s  f o r  t he  16-hour 
cycle approach the lower l i m i t  of those obtained f o r  constant-temperature con- 
dit ions.  Thus, t he  s t r e s s  corrosion obtained from short  thermal cycles appears 
t o  be considerably l e s s  than for constant temperature conditions, and there  i s  
Some indication t h a t  a nucleation period f o r  s t r e s s  corrosion may be involved. 
The e f f ec t s  
An attempt w a s  a lso made t o  determine t h e  e f f ec t  of a i r  velocity.  I n  the 
first experiment, salt-coated self-stressed specimens (50  k s i ,  345 MN/m2) were 
exposed i n  a heater duct a t  6500 F (6160 K) f o r  48 hours t o  an a i r  veloci ty  of 
2 1  mph (9.4 m / S ) .  These tests showed no discernible  e f f ec t s  of t h i s  velocity.  
I n  the second experiment, se l f - s t ressed  specimens with th ick  and t h i n  sa l t  
Coatings were tes ted  i n  t h e  Langley 9- by 6-foot thermal s t ruc tures  tunnel. 
The specimens were subjected t o  two 25-second runs a t  Mach 3 with t h e  specimen 
6 
. ' temperature reaching 460° F ( 5 1 1 O  K ) .  The effect  of the  two cycles a t  Mach 3 
on the thick s a l t  coatings i s  i l l u s t r a t e d  i n  f igure 8. 
was blown away, but enough s a l t  remained t o  cause s t r e s s  corrosion cracking 
a f t e r  the specimens were exposed f o r  95 hours i n  an oven a t  6000 F (5890 K) .  
Most of the  s a l t  coating 
RELATIVE SUSCEPTIBILITY AND THRESHOLD5 
The r e l a t ive  suscept ib i l i ty  of Ti-8Al-lMo-lV al loy sheet (s ingle  anneal) 
t o  s a l t  s t r e s s  corrosion a t  550° F (5610 K)  i s  shown by comparison with two 
other titanium alloys i n  f igure  9(a)  (from ref .  4).  
self-s t ressed type (100 ks i ,  690 MN/d) with heavy s a l t  coatings. 
undergoes severe s t r e s s  corrosion cracking within 2000 hours. 
siderably more r e s i s t an t  f o r  the f i rs t  several thousand hours. 
was not susceptible a f t e r  7000 hours a t  530° F but some s t r e s s  corrosion 
cracking was obtained a f t e r  l 5 , O O O  hours exposure. A s  f a r  as s a l t  s t r e s s  cor- 
rosion a t  elevated temperatures i s  concerned, Ti-8Al-lMo-lV i s  decidedly infer -  
i o r  t o  Ti-6Al-4V and Ti-4A1-3Mo-117. 
The specimens were of the  
Ti-8Al-LMo-LV 
Ti-6A1-4V i s  con- 
Ti-4A1-3M-lV 
Temperature and s t r e s s  thresholds f o r  Ti-8Al-lMo-lV al loy sheet (duplex 
anneal) i n  the  4000 F t o  6000 F (4770 K t o  5890 K) range f o r  self-s t ressed 
specimens a r e  shown i n  f igure g(b)  f o r  exposures of 3,200 and 5,000 hours, and 
s t resses  from 15, 25, and 50 k s i  (103, 172, and 345 MN/n?). The temperature 
threshold f o r  salt s t r e s s  corrosion f o r  s t resses  of 15 and 25 ks i  a f t e r  
5000 hours exposure appears t o  be about 5000 F ( 5 3 3 O  K ) ,  but f o r  a s t r e s s  of 
50 ks i ,  the  threshold i s  only s l i gh t ly  above 400° F. 
corrosion was obtained a f t e r  5000 hours than a f t e r  3200 hours exposure a t  
50 ksi .  
50 ks i  at 4500 F (5050 K )  so that the  temperature threshold i s  also somewhere 
between 400' F and 450° F f o r  t h i s  exposure. 
t o  salt stress corrosion was found t o  be about the same f o r  both the single and 
duplex anneal conditions ( re fs .  4 and 5) .  
Considerably more s t r e s s  
However, some s t r e s s  corrosion was a l so  found a f t e r  3200 hours a t  
The suscept ib i l i ty  of this al loy 
Temperature and s t r e s s  thresholds for  res idual  s t r e s s  specimens (duplex 
anneal) f o r  exposures up t o  6400 hours a t  400° F t o  6000 F (4770 K t o  589' K )  
a re  shown i n  f igure  10(a). 
(0.63, 1.27, and 2.54 cm), and the  corresponding calculated residual t e n s i l e  
s t r e s ses  were 66, 61, and 56 k s i  (456, 422, and 387 M N / s ) ;  These preliminary 
r e s u l t s  a l so  point t o  a temperature threshold s l igh t ly  above 400° F for  expo- 
sures up t o  6400 hours. No s t r e s s  corrosion was obtained a t  400' F regardless 
of t he  magnitude of the  exposure o r  the s t ress  investigated. 
6400 hours resu l ted  i n  considerably more corrosion than t h a t  f o r  3200 hours at 
temperatures above 4000 F. 
s t ressed  specimens indicate  that s a l t  s t ress  corrosion cracking can be expected 
f o r  exposures of 3200 hours or  more a t  temperatures s l i gh t ly  above 400' F if 
the  s t r e s s e s  a r e  su f f i c i en t ly  high. 
The specimens had r a d i i  of 1/4, 1/2, and 1 inch 
An exposure of 
These resu l t s  and those discussed above for  self-  
A s  a t e n s i l e  s t r e s s  i s  required f o r  s t r e s s  corrosion cracking t o  take 
place, t he  p o s s i b i l i t y  of eliminating s t ress  corrosion i n  the  residually 
s t r e s sed  specimens by a conventional s t ress  r e l i e f  procedure fo r  Ti-8Al-lMo-lV 
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a l loy  sheet (duplex anneal) was investigated.  
(0.63 cm) radius specimens were s t r e s s  relieved a t  1450° F (10610 K )  f o r  1 hour 
i n  e i the r  argon or a i r ,  and then cooled i n  argon or a i r ,  respectively.  The 
oxide layer f o r  specimens t r ea t ed  i n  a i r  was removed by b las t ing  with a f i n e  
aluminum oxide g r i t ,  followed by etching. A l l  specimens were given a salt  dip 
and then exposed up t o  2000 hours a t  600° F (5890 K ) .  The r e su l t s  ( f ig .  10 (b ) )  
ind ica te  that t h e  s t r e s s  r e l i e f  treatment i n  argon was r e l a t ive ly  e f fec t ive  i n  
reducing corrosion, but t h a t  t h e  treatment i n  a i r  was unsatisfactory.  The f a c t  
t h a t  t he  s t r e s s  r e l i e f  treatment i n  argon was effect ive but t ha t  i n  a i r  was not 
points  t o  t h e  poss ib i l i t y  t h a t  contamination due t o  oxygen o r  other  surface 
diffusion may be responsible f o r  t he  increased suscep t ib i l i t y  t o  stress corro- 
sion. Earl ier  attempts t o  reduce or eliminate stress corrosion by s t r e s s  
r e l i e f  treatments i n  a i r  (ref.  7) were a l so  unsuccessful. 
After forming, t he  1/4-in. J 
STRESS CORROSION CRACKS 
The s t r e s s  corrosion cracks observed i n  both t h e  se l f - s t ressed  and resid- 
u a l  s t r e s s  specimens of Ti-8Al-lMo-lV a l loy  sheet (duplex anneal) exhibited 
similar charac te r i s t ics  as shown i n  f igure 11. Cracks i n  both specimens 
nucleated a t  the  surface and proppgated i n  t h e  d i rec t ion  perpendicular t o  t h e  
t e n s i l e  s t ress .  
general corrosion, while i n  others  the  cracks were nucleated i n  areas which 
were completely f r e e  of corrosion products or p i t s .  
i n  both types of specimens were intergranular .  
I n  some cases, the  cracks were nucleated i n  the  gray areas  Of 
S t ress  corrosion cracks 
The correlat ion of t he  r e su l t s  of t h e  bend t e s t s  of t he  residual  s t r e s s  
Specimens (1/8-in. (0.31 cm) radius)  with the  crack penetration measurements 
i s  i l l u s t r a t e d  i n  figure 12 f o r  exposures up t o  500 hours a t  550° F (561O K ) .  
An increase i n  t h e  parameter (1-relat ive def lect ion)  corresponds d i r ec t ly  t o  
the  increase i n  the  maximum crack depth. 
shortening i n  t he  compression t e s t  of s e l f - s t r e s sed  specimens with t h e  crack 
penetration had been noted previously (ref. 4 ) .  Consequently, the  shortening 
and deflection measurements i n  the  t e s t s  of t he  se l f - s t ressed  and res idua l  
s t r e s s  specimens provide quant i ta t ive  information on the  amount of t h e  s t r e s s  
corro s i  on cracking. 
A cor re la t ion  between r e l a t i v e  
CORROSION PRODUCTS AND MECHANISM 
Ident i f ica t ion  of Corrosion Products 
The resu l t s  of t he  X-ray d i f f r ac t ion  ana lys i s  of corrosion products formed 
a t  1000° F ( 8 1 1 O  K )  on Ti-8Al-lMo-lV a l loy  sheet ( s ing le  anneal) a r e  shown i n  
t ab le  I. The experimentally determined d-spacings along with t h e i r  estimated 
r e l a t ive  in t ens i t i e s  are compared with the d-spacings l i s t e d  i n  the  ASTM index 
f o r  Ti02, T i O ,  and TiC12. 
t he  tab le .  
( ru t i le )  as a Corrosion product, while t h e  iden t i f i ca t ion  of Ti02 (anatase) ,  
The d-spacings f o r  T i  and N a C l  were omitted from 
The X-ray di f f rac t ion  data provide s t rong evidence toward Ti02 
8 
* ' T i O ,  and T i c Q  may be questioned. However, two fur ther  observations indicate  
that Tic12 was actual ly  present i n  the  corrosion products. 
corrosion products were dissolved i n  water, a gas bubbled off  and the  solution 
became s l igh t ly  acidic.  
t ion  and believed it t o  be caused by the combination of TIC12 and water, as  
follows : 
F i r s t ,  when the 
Kochka and Peterson ( r e f .  11) observed a similar reac- 
Tic12 + (x + 1 ) e O  = Ti0 - xH20 + 2HC1 
Ti0 + (x + 1)H20 = Ti02 - xH20 + $ ?  
Second, the  peaks ident i f ied  as  Tic% decreased with time a t  room temperature 
and disappeared after the  sample was l igh t ly  washed i n  d i s t i l l e d  water. This 
would be expected since T i c %  i s  hygroscopic and decomposes i n  water. There- 
fore,  Tic12 appears t o  be one of the principal corrosion products a t  1000° F 
and may be the. key product a t  temperatures below about 600° F (5890 K). 
Mechanism 
Many invest igators  have proposed theories f o r  the  stress corrosion cracking 
i n  t i t a n i u m  al loys where Tic12 i s  a key corrosion product. 
cu l t i e s  i n  verifying these mechanisms has been the problem of posi t ively iden- 
t i fy ing  Tic12 i n  the  corrosion products. 
would be oxidized t o  form C12 as follows: 
One of the d i f f i -  
This might be expected since Tic12 
TiC12 + 02 +Ti02 + Cl2 
The chlorine would then react  with the titanium, i n i t i a t i n g  s t r e s s  corrosion 
cracks and forming more TiC12. 
500' F t o  600° F (5330 K t o  5890 K ) ,  the  amounts of Tic12 actual ly  present a t  
any ins tan t  would be too small t o  pick up with noma1 X - r a y  di f f rac t ion  tech- 
niques. It is  believed tha t  the  reaction a t  1000° F (8n0 K) produced enough 
Tic12 t o  enable the  ident i f icat ion.  
If this type of cycl ic  reaction occurs a t  
Before accurate chemical equations describing the  mechanism can be formu- 
la ted ,  t he  remaining corrosion product or products must be ident i f ied.  
shows I 2  unident i f ied d i f f rac t ion  peaks. 
some complex sodium-titanium compound which has not yet  been cataloged i n  the  
ASTM index. 
Table I 
These peaks may be d i f f rac ted  from 
Various protect ive treatments such as shot peening, nickel plat ing,  vibra- 
t o r y  cleaning, and polyimide coatings were investigated i n  order t o  determine 
9 
t h e i r  re la t ive  effectiveness i n  reducing sa l t  s t r e s s  corrosion a t  600° F 
(5890 K ) .  
small number of res idual  s t r e s s  specimens with a 1/4-in. (0.63 cm) radius which 
were given a th in  salt  coating a f t e r  the  surface treatment. 
s t i l l  needs to  be done t o  determine the  durabi l i ty  and p rac t i cab i l i t y  of the 
various treatments. 
These preliminary experiments (see f i g .  13) were carr ied out with a 
Considerable work 
Shot peening was accomplished a f t e r  brake forming with g lass  p a r t i c l e s  
(Si02) 44 t o  70 microns i n  diameter. 
treatment with a pressure of 60 p s i  (414 kN/m2). 
surface s t resses  introduced by t h i s  process i s  unknown. Shot peening w a s  effec- 
t i v e  i n  preventing sa l t  s t r e s s  corrosion cracking f o r  exposures up t o  about 
1000 hours a t  600° F (5890 K). 
500 microns diameter) was s l i g h t l y  l e s s  effect ive.  
treatment apparently drops off  a t  the  longer exposures (see f i g .  13). 
The peening consisted of a 10-second 
The amount of the residual  
Shot peening with la rger  p a r t i c l e s  (230 t o  
The effectiveness of the  
Some of the specimens were electroplated with a nickel  coating about 1/3 
t o  1/2 m i l  (0.008 t o  0.013 mm) th ick a f t e r  forming. 
effect ive i n  preventing s t r e s s  corrosion up t o  2000 hours a t  600° F (589O K). 
The adherence of the nickel  p la t ing  under cycl ic  loading conditions, however, 
requires  investigation. 
The nickel  p l a t ing  proved 
The vibratory cleanlng treatment i s  a commercial cleaning and deburring 
process i n  which the  specimen i s  vibrated i n  a bath containing aluminum oxide 
t r iangles  (3/8 i n .  (0.95 cm) s ides ,  1 4  i n .  (0.63 cm) th ick)  and a cleaning 
solution. The bath was vibrated a t  1 I 50 cmp (24 Hz) f o r  8 hours. This t r e a t -  
ment a l so  proved ef fec t ive  i n  preventing s t r e s s  corrosion ( f ig .  13). A s  pre- 
viously mentioned, t he  efficacy of t h i s  method w a s  inadvertently discovered 
when the  process was used f o r  deburring the  s t r i p s  used i n  the  fabr ica t ion  of 
the  self-s t ressed specimens. These se l f - s t ressed  specimens (50 ks i ,  345 MN/m2) 
showed no evidence of sal t  s t r e s s  corrosion a f t e r  6400 hours exposure a t  6000 F 
(589' K ) .  
Other specimens were coated with an organic polymer - a commercial aromatic 
polyimide. 
r e su l t s  of t he  exposure ( f ig .  1.3) ind ica te  t h a t  such coatings can be e f fec t ive  
up t o  about 1000 hours a t  6000 F (5890 K). The coatings tended t o  degrade and 
peel  off a f t e r  t h i s  exposure, however, and consequently, would not provide any 
subsequent protection against  sa l t  stress corrosion. 
The coatings were 1/2 t o  1 m i l  (0.013 t o  0.025 mm) thick.  The 
CONCLUDING REMARKS 
Considerable data have been obtained on the  sa l t  s t r e s s  corrosion Of 
Ti-8Al-lMo-lV al loy sheet i n  the 4000 F t o  6000 F (4.770 K t o  5890 K )  range from 
t e s t s  Of many small se l f - s t ressed  and res idua l  stress specimens. Under Con- 
s t a n t  temperature conditions, i t  i s  now evident t h a t  t h e  temperature threshold 
f o r  t h i s  susceptible a l loy is  only s l i g h t l y  above 400' F f o r  a s t r e s s  of 50 ks i  
(345 MN/m2) and an exposure of 5000 hours. Under cyc l ic  heating conditions f o r  
2- o r  4-hour cycles, s t r e s s  corrosion may be l e s s  severe. O f  t he  various salts  
10 
, 
.t 
investigated,  N a C l  appears t o  be t h e  severest corrodent. 
i den t i f i ed  a s  a corrosion product a t  1000° F (8110 K ) ,  but t he  s t r e s s  corrosion 
mechanism i s  s t i l l  unknown. The e f f ec t s  of several  environmental fac tors  such 
a s  oxygen and a i r  pressure seem t o  be re la t ive ly  w e l l  defined, but t h e  ro l e  of 
moisture and a i r  veloci ty  s t i l l  requires investigation. Various protect ive 
surface treatments such as shot peening, nickel p la t ing ,  vibratory cleaning, 
and polyimide coatings were found ef fec t ive  i n  preventing salt  s t r e s s  corrosion 
f o r  exposures up t o  2000 hours a t  600° F (5890 K). 
Tic12 has been 
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APPENDIX A 
U. S. Customary 
Unit 
CONVERSION OF U.S. CUSTOMARY UNITS TO S I  UNITS 
Conversion 
factor 
(*> 
The Internat ional  System of Units (SI)  was adopted by the  Eleventh General 
Conference on Weights and Measures, Par i s ,  October 1960, i n  Resolution No. I 2  
(ref. 8). Conversion fac tors  f o r  t h e  un i t s  used herein a re  given i n  the  fo l -  
lowing table : 
Pref ix  
m i l l i  (m) 
cen t i  ( c )  
mega ( M I  
k i l o  (k )  
Physi cal  
quantity 
Multiple 
10-3 
10 -2 
103 
106 
Length 
S t ress  
Pressure 
Temperature 
Velocity 
Frequency 
Flow r a t e  
I 
m i  l e  
foot  
inch 
k s i  
t o r r  
p s i  
( O F  + 459.67) 
mph 
CPm 
cfh  
1.609 
0.3048 
2.54 
6.89 
133 - 322 
6.894 
0.44704 
5/9 
0.01667 
0.0283 
S I  Unit 
~ ~~~~~ 
kilometer (km) 
meter (m) 
centimeter (cm) 
meganewtons per  sq  meter (m/m2) 
newtons per  sq  meter (N/m2) 
kilonewtons per  sq meter (kN/m2) 
degrees Kelvin ( O K )  
meters per  sec ( m / s )  
cycles per  sec, her tz  (Hz) 
cubic meters per  hour ( d / h r )  
-1tiply value given i n  U.S. Customary Unit by conversion f ac to r  t o  
obtain equivalent value i n  SI  Unit. 
Prefixes t o  indicate  multiple of units a r e  as follows: 
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